Integrated physiological systems, such as the cardiac and the respiratory system, exhibit complex dynamics that are further influenced by intrinsic feedback mechanisms controlling their interaction. To probe how the cardiac and the respiratory system adjust their rhythms, despite continuous fluctuations in their dynamics, we study the phase synchronization of heartbeat intervals and respiratory cycles. The nature of this interaction, its physiological and clinical relevance, and its relation to mechanisms of neural control is not well understood. We investigate whether and how cardiorespiratory phase synchronization (CRPS) responds to changes in physiological states and conditions. We find that the degree of CRPS in healthy subjects dramatically changes with sleep-stage transitions and exhibits a pronounced stratification pattern with a 400% increase from rapid eye movement sleep and wake, to light and deep sleep, indicating that sympatho-vagal balance strongly influences CRPS. For elderly subjects, we find that the overall degree of CRPS is reduced by approximately 40%, which has important clinical implications. However, the sleep-stage stratification pattern we uncover in CRPS does not break down with advanced age, and surprisingly, remains stable across subjects. Our results show that the difference in CRPS between sleep stages exceeds the difference between young and elderly, suggesting that sleep regulation has a significantly stronger effect on cardiorespiratory coupling than healthy aging. We demonstrate that CRPS and the traditionally studied respiratory sinus arrhythmia represent different aspects of the cardiorespiratory interaction, and that key physiologic variables, related to regulatory mechanisms of the cardiac and respiratory systems, which influence respiratory sinus arrhythmia, do not affect CRPS.
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physiologic transitions | scaling | heart rhythm | breathing | nonlinear dynamics
I
t is an open problem to adequately determine interactions between complex systems where their coupling is not known a priori, and where the only available information is contained in the output signals of the systems. For integrated physiological systems, this problem is further complicated by transient nonlinear characteristics and continuous fluctuations in their dynamics. In physiological studies, the interaction between two key physiological systems under neural regulation, the cardiac and the respiratory system, is traditionally identified through the respiratory sinus arrhythmia (RSA), which accounts for the periodic variation of the heart rate within a breathing cycle (1, 2) . Recent advances in the field of nonlinear dynamics and statistical physics have led to the development of advanced phase-synchronization approaches (3, 4) that have identified a previously unknown form of cardiorespiratory coupling (5) . In the context of cardiorespiratory coupling, phase-synchronization is defined as a consistent occurrence of heartbeats at the same relative phases within consecutive breathing cycles (Fig. 1) . Earlier studies have focused on short data segments to identify certain degrees of cardiorespiratory phase synchronization (CRPS) in healthy young subjects (5, 6) and in newborn infants (7) . A more recent study has identified an intriguing effect of maternal-fetal heartrate synchronization (8). However, both cardiac and respiratory dynamics exhibit long-term transient changes associated with different physiologic states and conditions; how CRPS responds to these changes in relation to underlying mechanisms of physiologic control remains not understood. Moreover, whether RSA and CRPS represent different aspects of the cardiorespiratory coupling, and how these two measures are influenced by the same physiologic variables, is not known.
To gain insight into the mechanism of cardiorespiratory coupling, we investigate CRPS during (i) transitions from one physiological state to another, and (ii) under different physiologic conditions.
Empirical studies have reported a strong variation in linear and nonlinear characteristics in both cardiac and respiratory dynamics with the sleep-wake cycle (9), across circadian phases (10-12) and sleep-stage transitions (13) (14) (15) (16) , indicating significant changes in the regulatory mechanisms with transitions across physiological states. Thus, we hypothesize that cardiorespiratory coupling may undergo phase transitions with transitions across physiological states. Because sleep stages are well-defined physiologic states and are associated with distinct mechanisms of autonomic control (15, 16) , we also hypothesize that cardiorespiratory coupling will be characterized by a specific degree of CRPS during each sleep stage.
Further, to test the influence of different physiologic conditions on cardiorespiratory coupling, we investigate the effect of aging. Aging is traditionally associated with the process of decline of physiologic function and reduction of physiologic complexity (17) (18) (19) that result from changes in the underlying control mechanisms-regulatory networks of neural and metabolic pathways that interact through coupled cascades of nonlinear feedback loops over a range of timescales (20) . Although healthy aging is accompanied by a reduction in heart rate and respiratory variability (21) leading to decreased responsiveness and loss of sensitivity to external and internal stimuli (22) , recent studies have shown that certain scaling and nonlinear properties remain intact (15, 16, 20) . These observations indicate that, although the coupled feedback loops controlling physiologic dynamics across different timescales may still be present in healthy elderly subjects (hence preserving the scaling features), the reduction in physiologic responsiveness to external and internal stimuli suggests a reduced coupling strength of these feedback interactions with advanced age. Thus, we hypothesize that the strength of CRPS as a measure of cardiorespiratory coupling decreases with aging.
nize even when their coupling is weak-i.e., their respective frequencies and phases "lock" at a particular ratio (3, 4) (Fig. 1) . Despite the significant difference in the periodicity of the cardiac and respiratory rhythms represented by the heartbeat and interbreath intervals, and the complex variability in these rhythms ( Fig. 2 A, B, D , and E), episodes of regular heartbeat-respiration phase relationship emerge.
The key feature of this phase relation is that sequences of heartbeats consistently occur at the same respiratory phases for consecutive breathing cycles (Fig. 1C) Our analysis of data obtained from healthy subjects across all age groups during sleep shows a change in the degree of CRPS during different sleep stages. We find a relatively low phase synchronization of ð3.1 AE 0.3Þ% (group average AE standard error) during rapid eye movement (REM) sleep and ð4.8 AE 0.4Þ% during wake state, higher synchronization with ð8.5 AE 0.5Þ% during light sleep (LS) and highest ð12.8 AE 0.8Þ% during deep sleep (DS), indicating an approximately 400% increase in the degree of cardiorespiratory coupling with transition from REM to DS (Fig. 3) . To test for significance in these differences, we examine for each subject the changes in CRPS between the sleep stages by applying to all subjects in the database a one-way ANOVA with repeated measures (comparisons between all sleep stages), and we obtain a p value of p < 10 −3 (all pairwise multiple comparison procedures by Tukey's test yield p < 0.05). These results show a remarkable sensitivity of the cardiorespiratory coupling in response to sleep-stage transitions.
The cardiac and respiratory rhythms can synchronize in different n∶m ratios. Because modulation in sympatho-vagal balance associated with sleep-stage transitions leads to change in the frequency and variability of the cardiac and respiratory rhythms during different sleep stages (15, 16, 21, 25) , which in turn may affect cardiorespiratory coupling, we ask whether distinct n∶m phase-synchronization patterns are present during different sleep stages. We find that n∶1 synchronization dominates in all sleep stages, with a significant reduction in the degree of n∶2 and n∶3 type synchronization (see SI Text). However, for each synchronization ratio n∶1, n∶2, and n∶3, we consistently observe a pronounced sleep-stage dependence as shown in Fig. 3 -low degree of synchronization during REM and wake, higher during LS, and most pronounced cardiorespiratory synchronization during DS (Fig. S1 ). Such robust sleep-stage stratification pattern in CRPS for different n∶m ratios indicates a strong influence of sleep regulation on the neural mechanism controlling cardiorespiratory coupling.
Important aspects of cardiac and respiratory dynamics change with advanced age (26) . Thus, we next investigate whether An episode of 3∶1 synchronization is shown for the young subject (n ¼ 6 heartbeats within m ¼ 2 breathing cycles are consistently placed at the same respiratory phases ϕ r over many consecutive breathing cycles), and a segment of 7∶2 synchronization (n ¼ 7 heartbeats are synchronized with each m ¼ 2 breathing cycles) for the elderly subject. Note that the young subject exhibits a longer period of CRPS despite significantly higher interbreath and heartbeat variability compared to the elderly subject.
changes in physiologic condition under healthy aging affect cardiorespiratory synchronization. Our analyses of subjects from different age groups show a gradual and significant decrease in the degree of CRPS across age groups (Fig. 4) . Considering all n∶m synchronization ratios, we find an approximately 40% decline in synchronization when comparing the youngest and the oldest groups (Mann-Whitney rank sum test: p ¼ 0.021). Our analyses show that the decline in synchronization is not monotonous with age-note the weak decline for the young and middleage groups and the large drop in synchronization between the 65-to 79-y age group and the ≥80-y age group. These results indicate that the strength of cardiorespiratory coupling is significantly affected by aging. The age-dependence of CRPS for different n∶m ratios is shown in Fig. S2 . Details of the analyses and statistical tests related to different n∶m ratios across age groups are presented in the SI Text.
To understand the interrelation between the separate mechanisms of sleep regulation and aging, and their respective influences on the dynamics of cardiorespiratory coupling, it is important to dissociate the effects of sleep-stage transitions and aging on CRPS. One hypothesis is that, with age, synchronization decreases proportionally across all sleep stages. Alternatively, the observed significant decline in the total n∶m phase synchronization (Fig. 4) , and in particular synchronization ratios (Fig. S2) , may be due to a predominant loss of synchronization during specific sleep stages. To this end, we analyze CRPS across all sleep stages, separately for each age group in our database. We find that the decrease in synchronization with age is due to a significant reduction during DS and LS-an approximately 50% drop comparing the youngest to the oldest group (Fig. 5) . In contrast, the n∶m synchronization during REM and wake does not significantly change with age. These intriguing results indicate that the decline in CRPS with age is primarily mediated through the neuroautonomic mechanisms regulating DS and LS.
This reduction in synchronization with age ( Fig. 5 ) cannot be attributed to changes in sleep architecture that are traditionally associated with marked reduction of DS in elderly (16, 26) because our analyses are based on the percentage of synchronization within a given sleep stage, irrespective of age-related changes in sleep-stage total duration throughout the night. Because total LS duration increases with aging (16, 26) , our observation of decreased synchronization in elderly during LS (Fig. 5) indicates that the impact of aging on cardiorespiratory coupling is not a consequence of age-related changes in sleep architecture. Finally, our findings demonstrate that, despite the significant reduction in CRPS with age (Figs. 4 and 5), the consistent difference in the degree of synchronization across sleep stages is preserved for all age groups (Fig. 5 ). This sleep-stage stratification pattern in CRPS persists for different n∶m ratios (Fig. S3) .
Discussion
Our results demonstrate that changes in physiologic regulatory mechanisms with different physiologic states and conditions strongly affect the coupling between physiological systems. In the context of physiological states, we find that CRPS, a measure of complex nonlinear physiologic coupling, changes significantly with sleep-stage transitions and exhibits a pronounced pattern across sleep stages. This sleep-stage stratification pattern is characterized by a consistently higher degree of synchronization during DS, lower during LS, and lowest during REM and wake (Fig. 3) All age groups exhibit the same stratification pattern with lowest percent synchronization during REM, higher during wake and LS, and highest during DS. This sleep-stage difference significantly decreases from a factor of 7 (comparing REM to DS) for the youngest subjects to a factor of 2 for the oldest age group. Error bars in all panels show the standard error. For different n∶m ratios see SI Text and Fig. S3 .
non-REM and REM sleep (27) . Considering the degree of phase synchronization as an order parameter characterizing the system, our observations of a continuous decline of CRPS from DS and LS to REM and wake, which is also paralleled by an increase in the long-range power-law correlation exponents of the cardiac and respiratory dynamics (9, (14) (15) (16) , is reminiscent of a secondorder phase transition in physical systems.
Comparing different physiologic conditions, we show that cardiorespiratory coupling changes in the process of healthy aging with a significant reduction in the degree of CRPS in the elderly (Fig. 4) . However, a remarkably similar sleep-stage stratification pattern is observed across all age groups (Fig. 5) , indicating a surprisingly robust effect of sleep-stage transitions on cardiorespiratory coupling, despite significant reduction in physiologic responsiveness, and cardiac and respiratory variability with age (26) . These results indicate that the influence of sleep regulation on the interaction between the cardiac and the respiratory system does not break down with progressive aging, and that the effect of sleep on cardiorespiratory coupling is stronger than the effect of healthy aging.
Sleep stages are associated with regulatory mechanisms characterized by different neuroautonomic tone and levels of sympatho-vagal balance (28) . Our finding of a high degree of CRPS during LS and DS ( Fig. 3 and Fig. S1 ), when sympathetic activity is reduced, and weak synchronization during REM and wake, when the sympathetic tone is dominant, suggests that cardiorespiratory coupling is strongly influenced by neuroautonomic regulation. Further, this relation between synchronization and sympathetic activity is in agreement with our observation of a significant approximately 40% loss of CRPS with advanced age (Fig. 4 and Fig. S2 ), where neuroautonomic regulation is characterized by suppressed parasympathetic tone and dominant sympathetic nerve activity (26) . Further, because our analyses are based on the percent synchronization within each sleep stage and do not depend on changes in sleep architecture with aging (e.g., shorter duration of DS and increased LS), our findings of reduced synchronization in LS and DS in elderly subjects indicate that aging directly affects the mechanism of cardiorespiratory coupling independently of parallel changes in sleep architecture.
Changes in sympatho-vagal balance affect physiologic variability. For example, bursts of sympathetic tone and parasympathetic withdrawal lead to increased nonstationarity of the heartbeat RR interval time series characterized by higher values of the standard deviation σ RR (SDNN) during wake and REM. With gradual decrease of sympathetic tone during LS and DS, the degree of nonstationarity also decreases, and thus σ RR is reduced (15) . Because this trend is observed for both young and old subjects (15) , although with lower values of σ RR for all sleep stages due to reduced parasympathetic tone in the elderly (17) (18) (19) 21) , σ RR reflects both sympathetic and parasympathetic activity. In contrast, the standard deviation σ ΔRR (RMSSD) of the increments ΔRR in consecutive heartbeat intervals is sensitive only to changes in parasympathetic activity, and thus changes only with age but not across sleep stages (15) . Our results show that the decline in the degree of physiologic variability, as measured by SDNN, from wake and REM to LS and DS, is accompanied by an increase in cardiorespiratory synchronization (Figs. 3 and 5) . In contrast, the decrease in RMSSD with aging is accompanied by a decrease in synchronization (Figs. 4 and 5) , indicating reduction in certain measures of physiologic complexity with aging (17) . These parallel observations indicate that different aspects of the neuroautonomic control play a role in the modulation of cardiorespiratory coupling across sleep stages and with aging. Notably, the change in the degree of phase synchronization across sleep stages (400% comparing REM vs. DS, Fig. 3 ) is twice as large as the change in synchronization due to aging (200% comparing oldest to youngest groups, Fig. 4 ). The same ratio was reported earlier when comparing the difference in SDNN across sleep stages with the difference in RMSSD between age groups (15) . These observations suggest that the effect of sleep regulation on cardiorespiratory coupling is stronger compared to the effect of healthy aging.
Modulations in neuroautonomic control across sleep stages affect not only static measures of cardiac and respiratory variability such as SDNN and RMSSD. Scale-invariant and nonlinear features of cardiac and respiratory dynamics over a broad range of scales also change-with strong power-law correlations and a high degree of nonlinearity during wake and REM that gradually decrease during LS, and close to random and linear behavior during DS (13, 14, 16) . Further, strong correlations with higher scaling exponents have been associated with dominant sympathetic activity under parasympathetic blockade in healthy subjects (29) and under pathological conditions (30) . Our findings of a sleep-stage stratification pattern with lower CRPS during wake and REM when sympathetic tone is dominant, and a significantly higher synchronization during LS and DS when sympathetic tone is low (Figs. 3 and 5) , indicate that cardiorespiratory coupling is less effective when the individual cardiac and respiratory dynamics are strongly correlated and nonlinear. In contrast, this coupling is more pronounced when the scaling and nonlinearity of the cardiac and respiratory systems are reduced during LS and DS.
We note that CRPS is very different from the traditionally studied RSA-another aspect of cardiorespiratory interaction also influenced by neuroautonomic regulation (2). Our analyses did not reveal a statistical relation between the degree of CRPS and the strength of RSA. Indeed, segments with pronounced RSA may exhibit strong synchronization or no synchronization at all, even when we analyze segments from the same subject during the same sleep stage (Fig. 6) . This difference in behavior is due to the fact that, whereas RSA is a measure of the amplitude of variation of the heartbeat intervals within the breathing cycles, phase synchronization is characterized by the clustering of heartbeats at specific phases in the breathing cycle. This clustering is independent of the amplitude of heart rate modulation (Fig. 6) . Further, we find that key physiologic variables influence RSA and CRPS differently. For example, RSA has a strong nonlinear response to changes in breathing frequency-it increases with decreasing breathing frequency and decreases for very low breathing frequencies (1) (Fig. 7A) . In contrast, our analysis shows no dependence of phase synchronization on the breathing frequency (Fig. 7B) . Moreover, RSA increases with increasing RMSSD (a measure of parasympathetic tone; ref. 25) , while CRPS remains unchanged (Fig. 7 C  and D) . However, we observe that the sensitivity of synchronization in response to sleep-stage transitions is by a factor of 10 higher compared to RSA (Fig. 8) .
Depressed RSA is a predictor of sudden cardiac death among postinfarction patients (31) , stressing the importance of cardiorespiratory coupling for prediction of risk. Because the CRPS measure represents a different aspect of the cardiorespiratory interaction compared to RSA, it may yield complementary diagnostic information. Our observations of reduced CRPS under specific physiologic states (sleep stages) and conditions (different age groups) underline the potential of CRPS for clinical application. Because a pronounced decrease of CRPS was found in subjects after myocardial infarcts (32) , our findings of a significant reduction in CRPS during REM sleep and in elderly subjects indicate elevated cardiovascular risk. Indeed, the highest occurrence of adverse cardiac events during sleep was found during REM sleep (33) , and thus our results indicate that CRPS plays a key role in the mechanisms underlying these adverse events. This study is a necessary first step to understand how change in physiologic function affects CRPS under healthy states and conditions, before one is able to discern the effects of various pathologic perturbations from the influence of distinct physiologic states.
Materials and Methods
Subjects. We analyzed heartbeat and respiratory data of 189 healthy subjects (90 male and 99 female, ages ranging from 20 to 95 y) recorded at eight sleep laboratories within the European Union project SIESTA (34) . The study was approved by the local institutional human subjects review boards of the sleep laboratories involved; all subjects provided written informed consent. General exclusion criteria were a history of drug abuse or habitation (including alcohol), psychoactive medication or other drugs (e.g., β-blockers), or night-shift work. All subjects reported no symptoms of neurological, mental, medical, or cardiovascular disorders. Additional exclusion criteria in ref. 34 for healthy subjects comprised (i) significant medical disorders, (ii) a Mini Mental State Examination score <25, (iii) a Pittsburgh Sleep Quality Index global score >5, (iv) a usual bedtime before 10 PM or after 12 AM, (v) a SelfRating Anxiety Scale raw score ≥33, and (vi) a Self-Rating Depression Scale raw score ≥35.
Measurements. Heartbeat data (R peaks) were extracted from the ECGs utilizing a semiautomatic peak detector (Raschlab; ref. 35) . RR time intervals were calculated between each pair of consecutive R peaks, and a RR interval was labeled as artifact and excluded from the analysis if (i) the interval was shorter than 300 ms or longer than 2,000 ms, or (ii) the interval was more than 30% shorter or more than 60% longer than the preceding RR interval. These exclusion criteria effectively eliminate ectopic heartbeats and artifacts. Respiration was measured by the oronasal airflow through a thermistor and by belts around the chest and abdomen. These three respiratory signals were resampled to 4 Hz (low-pass filter) to eliminate high-frequency fluctuations and to assure that the signal was narrow-banded, and thus its Hilbert transform could be used to calculate the respiratory phase. Sleep stages have been scored in 30-s epochs from full night polysomnographic recordings. The average duration of the recordings is 7.93 AE 0.03 ð Þ h (mean AE standard error). Segments of consecutive normal heartbeat intervals within the same sleep stage shorter than 30 s were discarded.
Cardiorespiratory Phase Synchronization and Automated Synchrogram Analysis. Cardiorespiratory synchronization can systematically be studied in an automated way by utilizing an algorithm that evaluates cardiorespiratory synchrograms (27) (Figs. 1D and 2 C and F) . The synchrogram is a method in which the phase of a continuous signal [e.g., respiration rðtÞ] is plotted at incidents t k of a second signal described by a point process (e.g., the occurrence of R peaks in the ECG at times t k ). The instantaneous respiratory phase ϕ r ðtÞ can be calculated by the analytic signal approach (3) and, in the complex plane, ϕ r ðtÞ represents the angle between the respiratory signal rðtÞ and its Hilbert transform r H ðtÞ, which is the imaginary part of the respiratory signal (Fig. 1C) . The plot of ϕ r ðt k Þ over t k defines the cardiorespiratory synchrogram. Cardiorespiratory phase synchronization exists when n parallel horizontal lines are observed, where n is the number of heartbeats per m breathing cycles (n ¼ 3 and m ¼ 1 in Fig. 1D ). In our automated synchrogram algorithm, the times t k of the occurrence of heartbeats are mapped on the cumulative respiratory phase Φ r ðtÞ, and ϕ m r ðt k Þ ¼ Φ r ðtÞ mod 2πm is plotted versus t k . For each m respiratory cycles, where n heartbeats occur at times t c i , and their synchronization with the original heartbeat signal from the same subject is determined by the automated synchrogram algorithm described above.
Test for Dependency of CRPS and RSA on Breathing Frequency and RMSSD. To quantify the dependence of RSA on breathing frequency and on RMSSD ( Fig. 7 A and C) , we consider artifact-free segments of consecutive normal heartbeats with duration ≥300 s, and we determine the RSA amplitude, the breathing frequency, and RMSSD (SD of ΔRR) for each segment. To quantify the dependence of synchronization length on breathing frequency and on RMSSD (Fig. 7 B and D) , we consider only the segments of cardiorespiratory phase synchronization with duration T ≥ 30 s, and we determine the breathing frequency and RMSSD for each of these segments. For both RSA and synchronization, we pool the data from all segments across all sleep stages and subjects, and we obtain average values (AEstandard error) for RSA and synchronization length for each bin of breathing frequency and RMSSD.
